Summary. Antibodies to insulin were found in 92% of the 138 insulin-treated pregnant diabetic patients studied. No effect of pregnancy was shown on insulin antibody levels. Higher insulin antibody levels were significantly associated with the previous use of conventional insulins. Change from conventional to highly purified porcine insulin during pregnancy produced a significant reduction in insulin antibody levels. The combination of protamine zinc and soluble insulin used before pregnancy was found to be the most immunogenic. Insulin antibodies were freely transferred to the fetus but not detectable after the first 8 months of life. No insulin antibodies were found in the cord blood or during the next few weeks in the infants of mothers who had no antibodies to their injected insulin. There was a tendency for higher insulin antibody levels to be associated with indices of neonatal morbidity but not with percentile birth weights and C-peptide levels in cord sera.
Insulin antibodies develop only in patients who have previously been treated with insulin [1, 2] , apart from occasional reports of insulin autoantibodies which have been associated with hypoglycaemia [3, 4] . On the other hand, administration of insulin antibodies is an established method of inducing transient experimental diabetes in some animals [5] . Insulin antibodies are mainly of the IgG class and may affect the response of blood glucose to insulin [6] and also local lipodystrophy at the sites of injection [7] . Insulin antibodies have been shown to cross the placenta [8, 9] and it is important to know if they bind fetal insulin and change its effectiveness. Potentially insulin-binding antibodies could neutralise some of the insulin produced by the fetus and thus stress the fetal pancreas to a degree greater than that attributable to hyperglycaemia alone [10 12 ]. Having crossed the placenta, insulin/insulin antibody complexes might form and produce Type llI hypersensitivity reactions resulting in damage to organs such as lungs, kidneys and placenta [13] . Animal studies have shown that insulin antibodies can transfer insulin injected into the mother across the placenta to the fetus [14, 15] and this possibility has been investigated in only four patients [16] . Very little immunological research has been * Present address -Division of Hematology, University of Miami, P.O. Box 016766, (R-36), Florida, USA undertaken in pregnant diabetic women in relation to insulin therapy [8, 16] .
In this study our objectives were [1] to monitor insulin antibody levels during and after pregnancy; [2] to compare the immunogenicity of conventional and highly purified insulins and the difference in antibody levels after the change from conventional to highly purified insulin; [3] to study the transfer of maternal antibodies to the fetus and their persistence in the infant; and [4] to relate the levels of these antibodies to indices of neonatal morbidity, percentile birthweight and C-peptide values in cord sera.
Patients and Methods

Patients
The study included 128 pregnant Type 1 (insulin-dependent) diabetic patients and 10 gestational diabetic patients [17] who needed insulin to maintain blood glucose values within the normal range [18] . Of the 138 patients studied, 11 had abortions which consisted of two terminations, two blighted ova, one incompetent cervix, one maternal ketoacidosis and five spontaneous abortions. The remaining 127, patients were sequentially studied for insulin antibodies during pregnancy and at about 6 weeks post partum. In this group, 36 were on conventional insulins and 82 on highly purified insulins throughout their pregnancies and nine patients were changed from conventional to highly purified insulin during the early part of pregnancy. The 138 pa- In the various centres, blood was collected at about 4 weekly intervals from the time of first attendance at antenatal clinics, at approximately 6 weeks after delivery and from the umbilical cord in 66 infants. The serum was separated and sent by first class mail to reach Aberdeen within 24h where it was aliquoted and stored at -20 ~ until assayed. Control studies showed that insulin antibody levels were stable at room temperature for at least 48 h.
In 12 cases where insulin antibodies had been found in the cord blood, further blood samples were obtained from the infants at up to 9 months of age. Samples of maternal blood taken during labour were measured for glucose concentrations in each centre. Each cooperating centre was asked to complete a questionnaire of indices of morbidity of the babies, including APGAR score, assessment of respiratory difficulty, blood glucose, serum bilirubin, serum calcium, birthweight and maturity.
Assay Procedure
Highly purified beef insulin (Nordisk Insulin Laboratories, Copenhagen, Denmark) was iodinated by the chloramine-T method [19] using ~zsI and stored in aliquots at -20 ~ a maximum period of 1 month.
Insulin antibodies were measured in the maternal and cord sera by the straight percentage binding method [20] which involved precipitating 12sI-insulin/insulin antibody complexes with polyethylene glycol (mol. wt. 6,000). The measurements were done in triplicate and the results expressed as percentage binding of insulin minus the non-specific binding. This was determined by screening 64 sera from normal pregnancies, comprising 33 from the first trimester and 31 from the third trimester and 20 normal cord sera. The non-specific binding ranged from 0.5-1.0%. The interassay coefficient of variation was 8.8% and the corresponding intra-assay coefficient was < 3.2%.
C-peptide in cord sera was measured by radioimmunoassay [21] using the Daiichi C-peptide kit (Kabi Vitrum, London, UK). The sensitivity of the assay is 0.07 nmol/1. Cord sera were first precipitated with 25% w/v aqueous polyethylene glycol solution chilled to 4 ~ to remove insulin antibodies that would interfere with the assay [22] and 12.5% polyethylene glycol was added to the standard curve tubes. All cord sera were assayed in duplicate at one in two dilution. The values were expressed in nmol/1 after multiplying by the factor of 2.
Bilirubin, calcium and glucose levels were measured in laboratories in each collaborating centre and the values were considered ab- 
Criteria Used for Neonatal Morbidity
Hypoglycaemia was defined as a value of < 1.8 ~tmol/1 or in two cases as symptomatic hypoglycaemia at least 1 89 after birth. Hypocalcaemia was defined as < 1.8 p~mol/1 1-10 days after birth. In babies born at term, hyperbilirubinaemia was defined as a level of 250 Jxmol/1 or above at least 48 h after delivery or 150 p.mol/1 within 24 h of delivery. Serum bilirubin levels in premature babies were considered individually.
'Heavy-for-dates' and 'light-for-dates' babies were assessed according to the mixed pregnancy tables for percentile birthweights for gestation [23] . Respiratory difficulties included tachypnoea, retractions, grunting and cyanosis that appeared within the first 24 h of life.
Statistics were assessed by Student's t-test (paired and unpaired), Fisher's 'exact' test and correlation coefficient by the Spearman rank method where appropriate.
Results
Insulin Antibodies in Insulin-treated Pregnant Diabetic Patients
Of the 138 patients, 11 had no detectable insulin antibodies (= <1% binding). Figure 1 shows that the distribution of the patients with insulin antibodies is markedly skewed to the lower insulin antibody range (64.5% of patients had < 10% binding). The majority of patients with insulin antibodies (84.8%) was found within 0%-20% binding values.
Changes in Insulin Antibody Levels During and After Pregnancy (Fig. 2)
In order to determine if pregnancy affected insulin antibody levels, 28 patients were studied who had had no change in type of insulin treatment during and after pregnancy. The mean percentage binding of insulin calculated at intervals during and after pregnancy showed that there was no significant difference in insulin antibody levels during the course of pregnancy or after 6-14 weeks post partum.
Insulin Antibodies in Relation to Change in Type of Insulin
Insulin antibodies were followed in nine patients during pregnancy before and after their treatment was changed from conventional to highly purified insulin. In all cases, the insulin antibodies decreased in concentration at around 20 weeks after the changeover. The mean + SEM fall in percentage insulin binding was from 8.0 _+ 1.7 to 3.7 ___ 1.1% (p < 0.001).
Previous Insulin Treatment and Insulin Antibodies
Since our patients were drawn from several different centres, there was a considerable variety of insulin treatment. For the purpose of this analysis, we have grouped insulins into conventional and highly purified types. The conventional group included protamine zinc insulin, isophane, lente, semilente, ultralente, soluble, neutral soluble and biphasic. The highly purified group included the 'monocomponent' products of Novo, namely, Actrapid, Monotard, Ultratard, Semitard and Rapitard and also the rarely immunogenic insulins produced by Nordisk, namely Leo neutral (Velosulin), Leo retard (Insulatard), Mixtard (30/70) and Initard (50/50).
The results in Table 1 indicate that patients treated with conventional insulins before pregnancy maintain higher levels of insulin antibodies during pregnancy than patients treated with highly purified porcine insulin or who had no insulin before pregnancy. In patients who had not been treated with insulin before pregnancy, insulin antibody levels were found when bovine insulin was used during pregnancy, even when this was of 'monocomponent' type. Patients treated with highly purified porcine insulin before and during pregnancy developed more insulin antibodies than patients newly started on highly purified porcine insulin during pregnancy. (As the variances within these groups differed significantly, statistical comparisons of the means were not made). Generally there was a tendency for clinicians to change over to highly purified insulins during pregnancy -69.5% compared with 30.5% before pregnancy. Table 2 shows that patients treated with conventional insulins before pregnancy had higher insulin antibody levels during pregnancy than patients treated with highly purified porcine insulins. In Table 2 the conventional insulins used before pregnancy have been separated into the various types and their immunogenicities recorded. Protamine zinc insulin with soluble insulin was 
Conventional Insulins Before Pregnancy and Their Immunogenicities
Transfer of Maternal Insulin Antibodies
In six of the 66 cord sera, no insulin antibodies were detectable. In cases where the mothers had no insulin antibodies none was found in the cord blood. Figure 3 shows a good correlation of the level of insulin antibody levels between mother and infant at the time of delivery (r= 0.946), and this must indicate a ready transfer of maternal antibodies across the placenta.
Persistence of Maternal Antibodies in the Progeny
The insulin antibodies that were transferred from the mother to the fetus during pregnancy decreased in concentration in all 12 infants that were studied for up to 34 weeks after birth (Table 3) . In cases where the insulin antibody levels were very low at delivery they disappeared sooner than in cases with high levels at delivery.
Insulin Antibodies and Infant Mortality
In assessing the progeny there were five twin pregnancies whose infants were excluded from this study because of their increased per• risk. There were also 11 abortions and four per• deaths. Table 4 relates five indices of infant morbidity to the mean percentage insulin binding in the mother's serum. In each case the mean percentage binding was greater than that in the serum of mothers whose infants had none of these indices of morbidity, normal APGAR scores and weights 
90-_>95 <95
Percentile birth weights Fig.4 . Association between insulin antibody levels (_+ SEM) and percentile birth weights of infants of insulin-treated diabetic mothers within the tenth to ninetieth centile range. Nevertheless, the difference was not statistically significant, bearing in mind the skew distribution of insulin binding results (Fig. 1) .
Of the 11 abortions, six could be explained by well recognised causes, as already mentioned. The remaining five spontaneous abortions (mean percentage binding 9.9 + 12.5%), four perinatal deaths (11.3 + 10.4%) and three major congenital malformations (16.2 + 8.0%) were not significantly correlated with higher insulin antibody levels, using the unpaired Student's t-test. Figure 4 shows the distribution of percentile birthweights of 122 infants of insulin-treated diabetic mothers and of the corresponding average maternal insulin antibody levels. About the expected proportion (actually 76.2%) was placed between the tenth and ninetieth percentiles. Only 9.0% were below the tenth percentile and 14.8% above the ninetieth percentile. No significant association was found between percentile birthweight and insulin antibody levels.
Insulin Antibodies and Percentile Birthweights
Insulin Antibodies and C-peptide Levels
The association between insulin antibody levels and Cpeptide values was determined in cord sera of 37 infants after the insulin antibodies were removed with polyethylene glycol. The mean + SD percentage binding of insulin was 6.7 _+ 8.0% and mean C-peptide concentration was 0.33 + 0.37 nmol/1. The average blood glucose value of the mothers at or near delivery was 7.1 _+ 2.1 txmol/l (mean + SD) and within this range did not correlate with C-peptide concentrations in the cord sera (r= 0.2969). The mean _+ SD C-peptide value of normal 23 infants was 0.27 _+ 0.13 nmol/1. There was no statistically significant correlation between levels of insulin antibodies and C-peptide in cord sera (r= 0.3130).
Discussion
The main reason for starting this study was the known fact that insulin antibodies are mainly of the IgG class [24, 25] and can be easily transferred across the placenta from the mother to the fetus [8] . It is also known that insulin antibodies can neutralise or delay some of the physiological effects of insulin [6] and this therefore may be important for the metabolism of the fetus in pregnancy [12] . It has been suggested that there is a general immunosuppression in pregnancy enabling the fetus to survive as an allograft [26] . Our sequential measurements of insulin antibody levels (a measure of humoral immunity) during and after pregnancy in patients on the same type of insulin showed no significant change in contrast to those of other workers [8, 16, 27] who did not specify the type of conventional insulin treatment during and after pregnancy. In our experience, changing patients from one conventional insulin type to another leads to change in insulin antibody levels, particularly from protamine zinc and soluble insulin to conventional isophane and soluble. Therefore pregnancy was not found to suppress humoral immunity, although there is evidence that it does suppress the cellular immune response [28] . When patients were changed from conventional to highly purified insulin during pregnancy there was a slow reduction in insulin antibody levels. In all cases the changeover was to highly purified porcine insulin. These results agree with those of studies on non-pregnant diabeticpatients [20, 24, 29, 31] . Furthermore, very low levels of insulin antibodies have been reported in newly diagnosed diabetic patients treated with highly purified porcine insulin [32, 33] . Our results have shown that it is necessary not only to use highly purified but also porcine, rather than bovine insulin, if insulin antibody formation is to be minimised. We have in addition shown that insulin antibody levels in pregnancy are more related to the type of insulin used before the pregnancy than during it. The insulin treatment before pregnancy was followed as far back as 1975 to include those who were changed from conventional to highly purified insulin when it first became available. Conventional insulin therapy before pregnancy was significantly associated with higher insulin antibody levels during pregnancy. Protamine zinc insulin (PZI) with soluble insulin was found to be the most immunogenic combination. The protamine is unlikely to contribute towards the immunogenicity because its occurrence in highly purified porcine insulin (Leo retard or Insulatard) is not significantly immunogenic. It is possible that the combination of an acidic insulin (soluble) with a particulate insulin (PZI) may enhance the immunogenicity [32] .
Our fetal studies on 138 pregnancies have confirmed earlier work indicating that insulin antibodies cross the human placenta. We have no evidence that antibodies to insulin are maintained in the infant's circulation since the levels fall off after birth, as would be expected if they were passively transferred from the mother. The persistence of such antibodies depends on the initial concentration in the cord serum.
If passively acquired insulin antibodies neutralised some of the fetal insulin leading to increased insulin production, then a correlation would be expected between cord insulin antibody levels and cord C-peptide or insulin as has been claimed by some investigators [10, 12] . In our preliminary study [34] C-peptide was measured by a radioimmunoassay [35] after removing the insulin antibodies bound to proinsulin which crossreact with C-peptide antibody [22] and precipitating the azsI-C-peptide -C-peptide antibody complex with a second antibody instead of ethanol. In 18 cord sera studied at that time, we found no correlation between levels of C-peptide and insulin antibodies. In our present study, we used a different radioimmunoassay kit [21] employing the same technique as that just described and again found no correlation in the 37 cord samples that were tested.
If maternal antibodies to insulin were a factor in the production of hyperinsulinism in the fetus an effect might be expected on the rate of growth and fat formation, as has been shown clearly for maternal hyperglycaemia [36] . Our results fail to show any association between levels of insulin antibody and centile weight distribution (Fig. 4) .
On considering clinically more significant events the five spontaneous abortions could not be shown to be significantly related to the levels of insulin antibody. Similarly the four perinatal deaths and three major and four minor congenital malformations were too few to be able to demonstrate any significant association with insulin antibody levels. More sensitive indices should be the criteria of infant morbidity, namely hypoglycaemia, hypocalcaemia, respiratory distress and hyperbilirubinaemia. There was a high prevalence of such features and each one considered separately was associated with higher mean percentage insulin binding in the mother than was found in the mothers of the unaffected babies. Nevertheless, the standard deviations of the binding results were large so that they can do no more than suggest that the insulin antibodies which were transferred freely to the fetus may have caused harm before and after birth. The possibility of long term effects in the infants has still to be investigated. In our study, it is worth noting that insulin antibody levels were nearly all in the low range and it is possible that we were looking mainly at patients with antibodies below a dangerous level.
